Mice that lack all three major isoforms of neural cell adhesion molecule (NCAM) (180 and 140 kDa transmembrane, and 120 kDa glycosylphosphatidylinositol linked) were previously shown to exhibit major alterations in the maturation of their neuromuscular junctions (NMJs). Specifically, even by postnatal day 30, they failed to downregulate from along their axons and terminals an immature, brefeldin A-sensitive, synaptic vesicle-cycling mechanism that used L-type Ca 2ϩ channels. In addition, these NCAM null NMJs were unable to maintain effective transmitter output with high-frequency repetitive stimulation, exhibiting both severe initial depression and subsequent cyclical periods of total transmission failures that were of presynaptic origin. As reported here, mice that lack only the 180 kDa isoform of NCAM downregulated the immature vesicle-cycling mechanism on schedule, implicating either the 140 or 120 kDa NCAM isoforms in this important maturational event. However, 180 NCAM-deficient mice still exhibited many functional transmission defects. Although 180 NCAM null NMJs did not show the severe initial depression of NCAM null NMJs, they still had cyclical periods of complete transmission failure. In addition, several presynaptic molecules were expressed at lower levels or were more diffusely localized. Thus, the 180 kDa isoform of NCAM appears to play an important role in the molecular organization of the presynaptic terminal and in ensuring effective transmitter output with repetitive stimulation. Our results also suggest that PKC and MLCK (myosin light chain kinase) may be downstream effectors of NCAM in these processes. Together, these results indicate that different isoforms of NCAM mediate distinct and important events in presynaptic maturation.
Introduction
The neural cell adhesion molecule (NCAM) exists in three major alternatively spliced isoforms, a 120 kDa glycosylphosphatidylinositol-linked isoform and two 140 and 180 kDa isoforms, with intracellular domains that differ only by the 266 amino acid long region that is spliced into the 180 kDa isoform (Cunningham et al., 1987; Barbas et al., 1988) . Mice lacking all three isoforms are viable (Cremer et al., 1994) but have recently been shown to exhibit multiple defects in neuromuscular maturation (Rafuse et al., 2000; Polo-Parada et al., 2001) . Although neuromuscular junctions (NMJs) form and many presynaptic and postsynaptic molecules accumulate normally (Moscoso et al., 1998) , these NCAM-deficient NMJs fail to downregulate an immature transmitter release-vesicle-cycling mechanism that is brefeldin A (BFA)-sensitive and that uses L-type Ca 2ϩ channels. In addition, stimulus-dependent synaptic vesicle exocytosis and endocytosis are not confined to active zones but occur along the entire preterminal axon and from regions of nerve terminal membrane that are not in direct contact with muscle. Furthermore, these junctions are unable to maintain transmitter output with repetitive stimulation, exhibiting both strong initial depression as well as periodic complete transmission failures at high but physiological stimulus rates. To begin to define how the absence of NCAM could contribute to these diverse defects in synaptic maturation, we analyzed, structurally and functionally, the process of synaptic maturation in mice lacking only the 180 kDa isoform.
NCAM is abundantly expressed on developing myotubes and motor axons, and after synapse formation becomes confined to the NMJ, where it is expressed both presynaptically and postsynaptically as well as on Schwann cells (Covault and Sanes, 1986) . Although NCAM can act as a homophilic adhesion molecule, the defects in synaptic maturation that we observed are more consistent with a role for presynaptic NCAM in helping to target and organize other presynaptic molecules via intracellular signaling cascades (Schmid et al., 1999; Paratcha et al., 2003) or direct protein-protein interactions. Furthermore, although homophilic interactions between presynaptic and postsynaptic NCAM could occur during the initial stages of NMJ formation, these should be precluded by the large width of the synaptic cleft at mature NMJs.
Mice lacking only the 180 kDa isoform were previously shown to have defects in the development of the olfactory bulb (Tomasiewicz et al., 1993) and in circadian rhythms (Shen et al., 2000) . The 180 kDa isoform has also been suggested to play a role in synapse stabilization and rapidly accumulates at sites of contact between axonal growth cones and postsynaptic cells in hippocampal cultures (Sytnyk et al., 2002) . We show here that mice lacking only the 180 kDa NCAM isoform downregulate the immature transmitter release-synaptic vesicle-cycling mechanism at NMJs similar to wild type, implicating either the 140 or 120 kDa NCAM isoform in this process. However, 180 isoformdeficient NMJs, although failing to exhibit initial depression observed in NCAM-deficient NMJs, lacked paired-pulse facilitation. They also exhibited periodic total transmission failures and accompanying deficits in motor behavior. Together, these observations indicate that different isoforms of NCAM play distinct but critical roles in presynaptic maturation and function.
Materials and Methods
Mice. The total NCAM-deficient mice used, Ncam1 tm1cgn , was originally generated by Cremer et al. (1994) on a C57BL/6J background and was subsequently raised and bred locally. The 180 isoform-deficient mouse line used, Ncam tm1.1ciw , differed from the 180-deficient line Ncam tm1cwr , which was generated and described previously (Tomasiewicz et al., 1993) . The Ncam tm1cwr contains a targeted mutation in the Ncam gene where exon 18, which encodes sequences unique to the 180 kDa isoform, is flanked by FLP recombinant targets that are recognized by the site-specific recombinase FLP. The Ncam tm1cwr mice were crossed with mice constitutively expressing FLP recombinase. As expected, some of the offspring from this cross were missing exon 18 in one copy of the NCAM gene, as determined by PCR (H. Tomasiewicz, personal communication) . Following recently agreed on conventions, the resulting line was designated Ncam tm1.ciw . For each experiment, wild-type, heterozygote (ϩ/Ϫ), and homozygote (Ϫ/Ϫ) mice were identified by PCR using primers that distinguish wild-type from mutant alleles (Cremer et al., 1994; Shen et al., 2000) . Data presented for ϩ/ϩ mice in this study are from the 180-deficient line unless noted otherwise. These did not differ in any obvious way from our previous observations made on ϩ/ϩ mice from the line lacking all isoforms of NCAM.
Immunostaining. Mice were killed in a CO 2 chamber, and the semitendinosus muscles were quickly removed and fixed with 3.7% formaldehyde (Sigma, St. Louis, MO) for 30 min, washed with 5% sucrose in PBS, and cryoprotected in 30% sucrose for 24 hr. Frozen (40 M), sagittal, and cross (14 M) sections were cut and mounted on previously subbed glass slides, air-dried, and stored at Ϫ70°C. Alexa 488-or 546-conjugated ␣-bungarotoxin (Molecular Probes, Eugene, OR) or monoclonal antibody (mAb) 35 antibody (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) conjugated with Alexa 546 were used to visualize acetylcholine receptors (AChRs). Immunostaining was performed by blocking the sections with 2% BSA in PBS and incubating with the appropriate primary antibodies at 4°C for 24 hr, followed by incubation with fluorochrome-conjugated secondary antibodies (Zymed, San Francisco, CA) for 2 hr at room temperature, washing in PBS and, finally, coverslipping the slides with Prolong Antifade (Molecular Probes). The fluorescent signal of the CW65 antibody (against Ca V 2.1 Ca 2ϩ channel) was further amplified using an Alexa Fluor 488 signal amplification kit for fluorescein (Molecular Probes). Images were digitally photographed (40ϫ) with an upright BX51WI Olympus (Tokyo, Japan) microscope equipped with an Olympus 2000 or Magnifier digital camera. Images were analyzed with the Metamorph Imaging System (Universal Imaging Corporation, West Chester, PA). To compare intensity of immunostaining between samples, all were stained using the same antibody concentrations and times, and quantification of pixel intensity was performed using the same set of image acquisition parameters. Any modifications to the acquired digital figures were limited to changes in color brightness and contrast using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA) or Corel Draw 11 (Corel, Ottawa, Ontario, Canada) , and these were performed similarly when any comparisons were made between sections.
Antibodies. CW65 (Ca v 2.1), RO25b (panNCAM polyclonal), and NCAM-13 (panNCAM monoclonal) were a generous gift from Maureen McEnery (Case Western Reserve University, Cleveland, OH), Urs Rutishauser (Memorial Sloan-Kettering Cancer Center, New York, NY), and Carl Lagenaur (University of Pittsburgh, Pittsburgh, PA), respectively. Synaptic vesicle 2 (SV2), mAb35 was obtained from Developmental Studies Hybridoma Bank, D3 (NCAM-180 monoclonal) from Deutsche Samm Lung von Mikroorganismen und Zelkulturen GmbH (German collection of microorganisms and cell cultures) (Braunschweig, Germany), RMO-270 anti-neurofilament 160 kDa (NF-M) from Zymed, Rim fromTransduction Laboratories (Lexington, KY), Syntaxin from Sigma, Munc 13.1 from Synaptic Systems (Gottingen, Germany), panMunc13 from Transduction Laboratories, and myosin light chain kinase (MLCK), which recognizes both nonmuscle and muscle-specific isoforms (Sigma).
SDS-PAGE immunoblotting. Mice [postnatal day (P) 30] were killed in a CO 2 chamber, and the brains were quickly removed. The hippocampus was dissected out and homogenized in HEPES extraction buffer (in mM: 25 HEPES, 150 NaCl, 1 EDTA) containing 1% NP-40 and a protease inhibitor mixture (Roche Diagnostics, Mannheim, Germany). The solubilized protein concentrations were determined (BCA method; Pierce, Rockford, IL) and adjusted to 1-2 g/ml. To remove sialic acid, the extract was incubated for 1 hr at 37°C with 0.08 U/ml Neuraminidase Type X (Calbiochem, San Diego, CA). SDS sample buffer containing dithiotheritol was added to each sample, and the proteins separated by SDS-PAGE according to the Laemmli method on a gradient 5-20% gel. The proteins were transferred onto polyvinylidene fluoride membranes, which were immunostained with panNCAM (NCAM-13) and appropriate HRP-conjugated secondary antibodies, which were visualized with a chemiluminescence kit (ECL; Pierce).
Synaptosomal preparations were prepared from P30 wild-type hippocampal lysates by differential centrifugation as described previously (Whittaker, 1984) . Briefly, mouse hippocampal tissue was homogenized in ice-cold lysis buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.025% NaN 3 ). This homogenate was centrifuged at 1000 ϫ g to remove nuclei and large debris. This supernatant was then centrifuged at 10,000 ϫ g to obtain the crude synaptosomal fraction. Subsequently, this fraction was lysed hypo-osmotically for 30 min and centrifuged at 25,000 ϫ g to pellet a synaptosomal membrane fraction.
Intracellular recording. Semitendinosus muscles, with the nerve supply intact, were isolated and immediately placed into well oxygenated Tyrode's solution. The muscles were gently extended and pinned flat in a Sylgard (Dow Corning, Midland, MI)-coated recording chamber. The nerves were sucked tight into polyethylene-stimulating electrodes pulled from polyethylene tubing (PE-190; Clay Adams, Parsippany, NJ). Standard electrophysiological techniques were used to record miniature endplate potentials (MEPPs) and evoked endplate potentials (EPPs) in normal Tyrode's (125 mM NaCl, 5.37 mM KCl, 24 mM NaHCO 3 , 1 mM MgCl 2 , 1.8 mM CaCl 2 , and 5% dextrose) containing 1 M -conotoxin GIIIB, which specifically blocks voltage-gated sodium channels in muscle, thereby preventing contraction (Alomone Labs, Jerusalem, Israel). Briefly, sharp glass electrodes (World Precision Instruments, Sarasota, FL) were pulled (20 -40 MÙ resistance), filled with 3 M KCl, and single muscle fibers were impaled near the motor endplate. The initial resting potentials were between Ϫ70 and Ϫ85 mV and usually remained stable throughout the duration of the experiments. Electrophysiological measurements were not recorded if the resting potential increased by Ͼ15% of its original value. Potentials were recorded via an intracellular amplifier (World Precision Instruments) using Axoscope software (40 KHz sampling rate; Axon Instruments, Union City, CA). MEPPs (100 -200) were recorded from each muscle fiber over a 2-4 min recording period. Single EPPs (recorded at 0.5 Hz for 3-4 min), paired-pulse EPPs, or trains of EPPs (5-200 Hz) were recorded in normal Tyrode's solution using short 0.2 msec monophasic electrical stimuli isolated from ground with a Grass PISU6P stimulus isolation unit (Grass Instruments, West Warwick, RI).
For variance-mean plot analysis, EPPs were recorded from single cells at different [Ca 2ϩ ] o (0.25-10 mM) and constant [Mg 2ϩ ] o (1 mM). Only cells with a resting membrane potential (RMP) less than Ϫ65 mV and change in RMP Ͻ5 mV during recording were considered. EPPs (200 -350) were recorded at 1 Hz at each [Ca 2ϩ ] o . Size of EPPs was measured using Axoscope 8.0 (Axon Instruments). The variance and the mean of the EPPs were calculated using Origen 6.1 (OrigenLab Northampton, MA). Using equations proposed by Clements and Silver (2000) , the variance-mean was plotted and fit with Sigma Plot 2.0 (Jandel Scientific, Corte Madera, CA). The probability of release at 2 mM [Ca 2ϩ ] o was estimated from the degree of curvature from the curve fit at the corresponding [Ca 2ϩ ]. Statistical analyses were performed using Student's t test in Sigma Plot 2.0 (Jandel Scientific).
Perineural recordings. At mammalian NMJs, the action potential does not actively propagate into the nerve terminal, and current from the last node depolarizes the nerve terminal electrotonically. By appropriate positioning of sharp electrodes, it is possible to record electrotonically conducted currents from the nerve terminal as voltage drops across the perineurium. As previously described in detail (Brigant and Mallart, 1982; Urbano et al., 2002) , we used such perineural recordings to distinguish the sodium, potassium, and calcium currents occurring in the presynaptic terminal with trains of stimuli. Two negative current peaks were recorded after each stimulus, which corresponded to the Na ϩ and K ϩ currents, respectively. When the Ca 2ϩ -activated K ϩ current was blocked with 100 M 3,4-diaminopyridine, a positive peak was revealed. This could be blocked entirely by Cd 2ϩ and corresponds to the Ca 2ϩ influx in the nerve terminal (Brigant and Mallart, 1982) . Such currents were recorded in wild-type and 180 null NMJs to determine whether alterations in endplate currents, especially the influx of Ca 2ϩ , could account for the transmission failures seen with high-frequency repetitive stimulation at 180 NCAM null NMJs.
N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide optical imaging to visualize vesicle cycling. Endplates were labeled by incubation with the ACh receptor antibody (mAb35; Developmental Studies Hybridoma Bank) conjugated with Alexa 546 (Molecular probes) for 1 hr. This mAb binds to the nictotinic AChRs but does not block transmission. The synaptic vesicles within them were then loaded with N- (3-triethylammoniumpropyl)-4-(4-(dibutylamino) styryl) pyridinium dibromide (FM1-43) by stimulating the muscle nerve for 10 min at 10 Hz, whereas the muscle was bathed in normal saline containing 12 M FM1-43. These parameters produced optimal loading of dye. After loading, the preparation was washed with high Mg 2ϩ (12 mM) low Ca 2ϩ (0.5 mM) Tyrode's for 10 min to remove the dye from the solution. Images were then captured with a 60ϫ water immersion objective on an Olympus BX51W microscope by means of an Olympus 2000 digital camera connected in a computer (Dell Pentium V350; Dell Computer Company, Round Rock, TX). A neutral density filter was used to reduce light damage and to ensure that the camera was within its linear range. At the same time, a second image was captured to show mAb35-Alexa 546 labeling to demonstrate overall endplate morphology. The preparation was then returned to normal saline (1.8 mM Ca 2ϩ and 1 mM Mg 2ϩ ) for 5 min, and images were captured every 10 sec during various stimulation protocols. Images were stored digitally and were later color coded for pixel intensity using the Metamorph Image Analysis System. Montages and labeling of the psuedo-colored images were created using Corel Draw 11. Loss of dye with time after trains of stimuli at different frequencies allowed us to monitor synaptic vesicle exocytosis via the loss of FM1-43 fluorescence. Statistical analysis and graphs were performed using Origen 7.0 Graphs or Sigma Plot 3.0.
Behavioral studies. Mice were placed on a rotorod, which was then rotated at speeds of 4, 20, and 40 rpm, and the time until they fell off the rod was measured. Each mouse was tested four to five times at 4 -5 min intervals. Data was obtained from three to six 180(Ϫ/Ϫ) or (ϩ/ϩ) mice.
Results
The 180 NCAM-deficient mouse lacks the 180 kDa isoform of NCAM, but the 140 and 120 kDa isoforms are still expressed The mouse line used that lacked only the 180 kDa isoform of NCAM was generated by H. Tomasiewicz and S. Dymecki (NIEHS Murine and Freshwater Biomedical Sciences Center, University of Wisconsin -Milwaukee Great Lakes WATER Institute, Milwaukee, WI) (Shen et al., 2000) . We first confirmed, using P30 hippocampal lysates, that this mouse lacked only the 180 kDa isoform of NCAM. As observed by the Western blots shown in Figure 1 A, and in contrast to the total NCAM knock out (KO), which we characterized previously (Polo-Parada et al., 2001) , only the 180 kDa isoform was missing. However, in addition, expression of the remaining 140 and 120 kDa isoforms was clearly upregulated. Immunostaining of P30 endplates (Fig. 1 B) showed that NCAM staining was absent from the total NCAM KO but was still present in the 180-specific KO. Consistent with the biochemical experiments using hippocampal lysates, endplate immunostaining also indicated that the expression of the remaining NCAM isoforms had been moderately upregulated. This increase was quantified and shown to be significant (Fig. 1C) ( p Ͻ 0.005). Thus, although overall NCAM levels were not reduced below wild-type levels, the 180 isoform was specifically lacking.
The immature vesicle-cycling-transmitter release system is downregulated in NCAM 180-deficient NMJs as in wild type, but vesicle cycling is not confined to presynaptic active zones apposed to muscle Before contact with target myotubes, motor axons in Xenopus cultures have been shown to release transmitter (Sun and Poo, 1987) and to cycle synaptic vesicles (Dai and Peng, 1996) along the length of the axon and growth cone. This process uses different molecular machinery for vesicle budding than the vesiclecycling process at the mature synapse and can thus be blocked by brefeldin A (Zakharenko et al., 1999) . After myotube contact, this immature form of vesicle cycling is shut down along the soma and axon (Chow and Poo, 1985; Yao et al., 2000) , and the release machinery becomes selectively targeted to the presynaptic active zones, which are precisely aligned with postsynaptic junctional folds (for review, see Sanes and Lichtman, 1999) . Associated with this targeting of release machinery to the synapse, during in vivo development of NMJs in both chick (Dahm and Landmesser, 1991) and mouse (Lupa and Hall, 1989) , synaptic vesicle antigens are gradually lost from the axons and, by late embryonic stages, become highly enriched at the terminal. A striking alteration in NMJs lacking all NCAM was their failure to downregulate the immature vesicle-cycling process along the axon (Polo-Parada et al., 2001) . To determine whether this immature mechanism was also abnormally maintained in the 180-deficient junctions, we compared stimulation evoked uptake of the styryl dye FM1-43 at P30 NMJs from wild-type mice and those lacking all or only the 180 kDa isoform of NCAM.
In wild-type junctions, uptake of FM1-43 occurred only in the presynaptic terminal (Fig. 2a , bottom, left panel) overlying the endplate, which was visualized with the anti-ACh receptor antibody mAb35 as shown at top. In contrast, and as reported previously (Polo-Parada et al., 2001) , dye uptake into the Ϫ/Ϫ NMJ (middle panel) occurred both in the presynaptic terminal overlying the endplate as well as in hot spots along the entire length of the preterminal axon (arrows). In the 180-deficient NMJs, as shown by the example in the right panel, FM1-43 uptake did not occur along the length of the preterminal axon. Thus, in contrast to the mouse lacking all NCAM, the 180-deficient mice appear to shut down this immature cycling process normally. The total vesicle pool that could be labeled with FM1-43 was also not significantly different in size from the wild-type pool as shown by the quantification of fluorescence intensity (Fig. 2 B) . Furthermore, the uptake of FM1-43 was not sensitive to BFA or the L-type Ca 2ϩ channel blocker nifedipine but was completely blocked by the P/Q-type Ca 2ϩ channel blocker -agatoxin TK (Fig. 2C) . Furthermore, as we described previously for NMJs lacking all NCAM, transmission measured electrophysiologically was mediated entirely by P/Q-type Ca 2ϩ channels and was therefore completely blocked by -agatoxin TK and was unaffected by L-type channel blockers. Thus, similar to wild-type synapses, the vesicle cycling at 180-deficient NMJs appears to be mediated by entry of Ca 2ϩ via P/Q-type channels (Urbano et al., 2002) and by clathrin-adaptor protein 2-mediated endocytosis, which is not sensitive to BFA (Brodin et al., 2000) . Together, this data indicates that the developmentally regulated shutdown of the immature release machinery is regulated by either the 120 or 140 isoform of NCAM.
However, in the 180-deficient NMJs, we always detected FM1-43 uptake from a small region of the axon immediately adjacent to the terminal proper ( Fig. 2 A, right bottom, box) (the intensity of label in this region was usually less than at the endplate; thus, the region within the box is shown in the inset below with the brightness increased). This region also stained positively for the synaptic vesicle protein SV2 (Fig. 2 D, arrow) , whereas SV2 staining at wild-type junctions was always precisely confined to the endplate proper. The uptake of FM1-43 in this region was mediated by the mature vesicle-cycling process, because it was blocked by P/Q-type channel blockers but not by BFA (data not shown). We propose that this indicates that, similar to NMJs lacking all NCAM, vesicle cycling occurs from all portions of the nerve terminal and is not confined to presynaptic membrane overlying muscle (Polo-Parada et al., 2001) .
This idea is supported by the fact that complete loading and unloading of dye in response to stimulation was faster in the 180-deficient compared with wild-type NMJs (Fig. 2 E) . This would be expected if vesicle cycling in 180-deficient NMJs was occurring from all regions of the nerve terminal and was not confined only to active zones overlying muscle. Although faster dye loading-unloading could also occur if the quantal content of individual EPPs was increased, as shown later (Fig. 3C) , there was no difference in quantal content between wildtype and 180-deficient NMJs. Faster kinetics of dye uptake and release was also observed in junctions lacking all NCAM (Polo-Parada et al., 2001) . Finally, the NCAM 180-deficient NMJs exhibited another property of NMJs lacking all NCAM. In contrast to wild-type synapses, in which FM1-43 uptake in the absence of nerve stimulation is very low, FM1-43 uptake occurred without stimulation at 180-deficient NMJs at normal extracellular Ca 2ϩ levels ( Fig. 2 F) , and although the magnitude was much less than with stimulation, it was appreciable (an average pixel intensity of ϳ75 compared with 1500 for nerve stimulation at 10 Hz for 10 min). The degree of vesicle cycling in the absence of stimulation was similar to that observed in NMJs lacking all NCAM (Polo-Parada et al., 2001 ).
P30
NMJs lacking 180 NCAM fail to exhibit paired-pulse facilitation at normal transmitter release levels and have an altered sensitivity to extracellular Ca
2؉
To evaluate the properties of synaptic transmission at levels of transmitter release that would be expected in vivo, we recorded from junctions in normal Ca 2ϩ and Mg 2ϩ by using -conotoxin GIIIB to block selectively Na ϩ channels in the muscle or by using a cut muscle preparation, thereby preventing contraction. Under these conditions, MEPP amplitude and frequency did not differ significantly between (ϩ/ϩ), (Ϫ/Ϫ), and 180 (Ϫ/Ϫ) junctions (Fig. 3 A, B) . To calculate the quantal content or number of vesicles released to a single stimulus, we divided the mean EPP amplitude by the mean mepp amplitude for each recorded cell. This method provides a more accurate estimation of quantal content than that derived from the coefficient of variation of EPP amplitude because of alterations in the statistical parameters of release in NCAM-deficient junctions, as reported previously (PoloParada et al., 2001) . The mean number of quanta released by single stimuli (Fig. 3C ) did not differ significantly between wild type and NCAM 180 (Ϫ/Ϫ) null junctions, but both of these differed from NMJs lacking all NCAM, which had somewhat higher quantal contents [wild type, 86 Ϯ 6, n ϭ 8; NCAM 180 (Ϫ/Ϫ), 92.4 Ϯ 11, n ϭ 12; NCAM (Ϫ/Ϫ), 115 Ϯ 8, n ϭ 10; p Ͻ 0.05]. As noted previously, transmission at 180-deficient synapses was insensitive to BFA and to L-type channel blockers but was completely blocked by the P/Q-type channel blocker -agatoxin TK (data not shown) and thus, in this respect, did not differ from transmission at wild type or NMJs lacking all NCAM.
However, unlike wild-type synapses, which continued to show paired-pulse facilitation at normal levels of transmitter release, the NCAM 180 (Ϫ/Ϫ)-deficient synapses failed, as did the NCAM (Ϫ/Ϫ) NMJs (Polo-Parada et al., 2001), to exhibit paired-pulse facilitation at 10, 8, and 6 msec intervals; at the 4 Figure 1 . The distribution and expression levels of NCAM isoforms in a mouse that lacks only the 180 isoform of NCAM. A, Western blot of hippocampal lysates from wild-type mouse (left lane) lacking all isoforms of NCAM (middle lane) and lacking only the 180 isoforms of NCAM (right lane) stained with the NCAM 13 antibody that recognizes all isoforms of NCAM. All NCAM bands are lacking from the total KO mouse, whereas only the 180 band is lacking from the 180 KO mouse. As shown in this example, however, the 120 and 140 isoforms were consistently upregulated in the 180 isoform-deficient mouse. Equal amounts of protein were loaded onto each lane and several other molecules; for example, ␤-tubulin did not differ in level (data not shown). B, Immunostaining of P30 NMJs with the pan-NCAM antibody R025b (bottom) and rhodamine ␣-BTX to visualize endplate (top) also reveals the absence of NCAM in the total KO but a similar distribution to wild type in the NMJs of the 180 isoform-specific KO. However, as observed in the hippocampal lysates, the level of NCAM in the 180-deficient NMJs was elevated compared with wild type, and this was statistically significant ( p Ͻ 0.005) when quantified, as shown in the bar graphs in C. Scale bar, (in B) 40 m. msec interval, they in fact exhibited depression (Fig. 3 D, E) . NCAM 180 NMJs also differed from wild type in their sensitivity to extracellular Ca 2ϩ . We characterized the Ca 2ϩ dependence of the release process by determining the mean EPP amplitude from a single NMJ with extracellular Ca 2ϩ concentrations ranging from 0.25 to 10 mM. As described previously (Dodge and Rahamimoff, 1967; Polo-Parada et al., 2001) , we found that for the (ϩ/ϩ) NMJ, the EPP amplitude continually increased as Ca 2ϩ levels rose between 0.25 and 10 mM. In contrast, and as in the NCAM (Ϫ/Ϫ) NMJ (Polo-Parada et al., 2001) , the EPP amplitude in the NCAM 180 (Ϫ/Ϫ) NMJs had already reached near maximal levels at the physiological Ca 2ϩ level of 2 mM and did not increase appreciably at higher levels of Ca 2ϩ (Fig. 3F ) . One possibility for this finding could be that the ability of the 180 Ϫ/Ϫ presynaptic terminal to release transmitter is already maximal at 2 mM Ca 2ϩ . Consistent with this idea, we found that using a variance-mean analysis (Clements and Silver, 2000) the mean probability of release at 180 Ϫ/Ϫ NMJs was 0.799 (n ϭ 2) compared with a p value of 0.34 at ϩ/ϩ NMJs (n ϭ 3). Also in contrast to wildtype NMJs, they exhibited a very steep relationship between EPP amplitude and Ca 2ϩ level between 0.25 and 2 mM. Another striking finding was that NCAM 180 (Ϫ/Ϫ) NMJs did not follow typical binomial statistics. At low levels of Ca 2ϩ (i.e., 0.25-0.5 mM), wild-type junctions had low mean quantal contents and exhibited the expected number of failures on the basis of binomial statistics. In contrast, NCAM 180 (Ϫ/Ϫ) NMJs had mean quantal contents of Ͻ2 at these Ca 2ϩ levels, but they exhibited almost no failures similar to what we had reported previously for the NCAM (Ϫ/Ϫ) NMJs (Polo-Parada et al., 2001 ) (data not shown).
NCAM 180 isoform-deficient synapses are unable to sustain transmitter output with repetitive stimuli At P30, wild-type, NCAM (Ϫ/Ϫ), and NCAM 180 (Ϫ/Ϫ) junctions were stimulated in normal Ca 2ϩ and Mg 2ϩ with 1 sec trains of stimuli at 10, 20, 50, 100, and 200 Hz. Consistent with our previous findings (Polo-Parada et al., 2001) , at 200 Hz stimulation, the wild-type NMJs showed facilitation at the beginning of the train and effectively sustained transmission with only modest depression until the end of the train (Fig. 4 A, top trace) . As also described previously, NMJs lacking all NCAM (Fig. 4 A, bottom trace) exhibited both strong initial depression and subsequent periods of complete transmission failures. In contrast, NCAM 180 (Ϫ/Ϫ) NMJs exhibited neither the facilitation normally observed in (ϩ/ϩ) NMJs nor the initial severe depression at the beginning of the train observed in NMJs lacking all NCAM (Polo-Parada et al., 2001 ). However, similar to the NCAM Ϫ/Ϫ NMJs, at stimulus frequencies of Ն50 Hz, they exhibited prolonged periods of complete transmission failure (Fig. 4 B) . This pattern of cyclical transmission failure was observed in all recorded NMJs and, although it varied somewhat from junction to junction, it was quite constant for a given junction. When the evoked response returned after a period of failures, the amplitude reached that of the initial EPP in the train. In this regard, it differed from NMJs lacking all NCAM, in which evoked re- Figure 2 . Characteristics of synaptic vesicle cycling and distribution at 180-deficient NMJs as revealed by FM1-43 and SV2 staining. A, FM1-43 uptake at 180-deficient P30 NMJs (bottom right) is primarily confined to the endplate as in wild-type NMJs (bottom left) and is absent from the entire length of the preterminal axon. Such staining along the length of the preterminal axon was previously observed in NMJs lacking all NCAM and is shown here in the bottom middle panel (arrows). However, FM1-43 uptake at 180-deficient NMJs was consistently observed from the axon immediately adjacent to the endplate (bottom right, box) where no corresponding ACh receptors were revealed with rhodamine ␣-BTX (top left). Because staining in this region was always less intense than at the endplate proper, the contrast within this region has been digitally increased in the bottom inset (arrow). B, Overall level of staining after complete loading with FM1-43 did not differ significantly between wild-type and 180-deficient NMJs, indicating similarly sized vesicle pools. C, FM1-43 uptake in response to electrical stimulation was not affected by the L-type Ca 2ϩ channel blocker nifedipine (50 M) or brefeldin A (10 g/ml) but was completely blocked by -agatoxin TK (1 M) and cadmium chloride (30 M), indicating that vesicle cycling at these NMJs like that at wild-type mouse NMJs is mediated by calcium entering through P/Q-type channels. D, Immunostaining for the synaptic vesicle antigen SV2 bottom also shows staining of the axon immediately adjacent to the endplate proper in the 180-deficient NMJ (right, arrow), which was never observed in wild-type NMJs (left). E, Compared with wild type, the time it took to obtain both maximal staining and destaining was significantly faster at 180-deficient NMJs (*p Ͻ 0.005). F, In 2 mM extracellular Ca 2ϩ and in the absence of stimulation, uptake at wild-type NMJs is minimal, whereas the 180-deficient NMJs exhibit appreciable uptake.
sponses only returned to the steady state depressed level (Fig. 4 A) In contrast to the NCAM (Ϫ/Ϫ) NMJs, which only exhibited total transmission failures at higher frequencies (200 Hz), the 180Ϫ/Ϫ NMJs exhibited more failures at any given frequency (Fig. 4C) , and these began to appear at frequencies as low as 20 Hz (Fig. 4 B) .
The data just presented strongly suggest that certain aspects of transmission are sensitive to the specific absence of the 180 kDa isoform of NCAM. As shown in Figure 1 , because of the upregulation of the 120 and 140 kDa, overall levels of NCAM were not reduced in the 180 isoform null NMJ. Additional evidence that the defects in transmission observed in the 180 NCAM null NMJs were not attributable to a reduction in overall NCAM levels is that no failures in transmission were detected with high-frequency repetitive stimulation in heterozygotes of the mouse line lacking all isoforms of NCAM (Fig. 4 D) . We confirmed that each isoform of NCAM was reduced in these heterozygotes by ϳ50%, as would be expected (data not shown).
The total transmission failures are not associated with alterations in nerve terminal currents, including the influx of Ca
At the mouse neuromuscular junction, the nerve terminal is not actively invaded by the action potential but is depolarized by currents that spread passively from the last node and preterminal portions of the axon. One possible explanation for the transmission failures in NMJs lacking all or only the 180 kDa isoform of NCAM would be a block in the spread of such current so that the terminal membrane is not adequately depolarized. Alternatively, Ca 2ϩ channels might be desensitized or altered in other ways so that Ca 2ϩ influx would fail to occur even if the terminals were depolarized. To address these possibilities, we made perineural recordings from wild-type and 180 kDa isoform null NMJs. When electrodes are appropriately positioned, it is possible to record extracellularly the currents from the nerve terminal membrane as voltage drops across the epineurium (Brigant and Mallart, 1982; Urbano et al., 2002) . As shown in Figure  5A , this current can be resolved into two negative peaks, a fast initial peak that corresponds to sodium influx in the last heminode node and preterminal axon and a second, slower negative peak that reflects the K ϩ current. When the Ca 2ϩ -activated K ϩ current is blocked by the addition of 2,3,-diaminopyridine (Fig. 5B) , a positive voltage deflection is revealed. This can be entirely blocked by Cd 2ϩ and represents Ca 2ϩ influx into the nerve terminal. The nerve terminal sodium and potassium currents from a 180 kDa isoform null NMJ are shown in Figure 5C during a 200 Hz train. Although numerous total failures in transmission were always detected within 5-10 stimuli at this repetition rate (Fig. 4 B) , we did not observe any complete blockage or even substantial reduction in the Na ϩ or K ϩ currents that would indicate the nerve terminal had failed to be depolarized. The modest reduction in the K ϩ current observed with high-frequency repetitive stimulation that is obvious in Figure 5C also occurred in wild-type junctions. When 2,3,-diaminopyridine was applied to reveal the Ca 2ϩ current, we also did not observe any large reduction in Ca 2ϩ influx that could account for the transmission failures (Fig. 5D ). As seen in this trace, the amplitude of the Ca 2ϩ current peak was somewhat reduced, and the kinetics of the current slowed with highfrequency stimulation. However, when peak amplitudes from a number of endplates were quantified and displayed as a proportion of the initial response, no differences were observed between wild-type and 180 kDa isoform null NMJs (Fig. 5E) . Together, these results strongly suggest that the total transmission failures Transmitter release properties at P30 180-deficient NMJs compared with wild type and those that lack all NCAM. A, MEPP amplitude did not differ between junctions from wild-type (ϩ/ϩ), NCAM-deficient (Ϫ/Ϫ), or NCAM 180 isoformdeficient mice. B, MEPP frequency did not differ statistically between 180-deficient and wild-type junctions. As shown previously, it was moderately decreased in NCAM-deficient junctions. C, Quantal content in response to single stimuli also did not differ between 180-deficient and wild-type NMJs. These values both differed significantly (*p Ͻ 0.005) from NMJs lacking all NCAM whereas, as shown previously, quantal content was slightly elevated. D, Intracellular recordings illustrating that wild-type NMJs (top trace) exhibit paired-pulse facilitation at physiological levels of Ca 2ϩ and Mg 2ϩ at intervals of 10, 8, 6, and 4 msec, whereas NCAM 180-deficient NMJs (bottom trace) do not. F, The relationship between extracellular Ca 2ϩ levels and the amplitude of evoked EPPs for a single wild-type (left) and 180-deficient (right) NMJ.
in the 180 isoform null NMJs are not caused by a lack of nerve terminal depolarization or, more importantly, by a reduction in Ca 2ϩ influx. They point to, rather, some event downstream of Ca 2ϩ influx, such as vesicle mobilization and dockingexocytosis as the explanation for these unusual transmission failures.
The involvement of PKC and MLCK in the alterations in transmission observed in NCAM-deficient NMJs
In several systems, phorbol esters such as PMA, which are capable of activating a number of PKC isoforms (for review, see Liu and Heckman, 1998) , have been shown to enhance transmission by increasing quantal content (Minami et al., 1998; Hori et al., 1999; Berglund et al., 2002) . We previously demonstrated that PMA could also prevent the total transmission failures observed in NMJs that lacked all isoforms of NCAM (PoloParada et al., 2001) . As shown in Figure  6 A, within tens of seconds of its application, PMA (100 M) also very effectively prevented the total failures of transmission observed in the 180 NCAM null NMJs. This amelioration of transmission was seen at all stimulus frequencies.
The effect of PMA in enhancing synaptic efficacy has been proposed to be caused by PKC activation (Stevens and Sullivan, 1998) , which in turn promotes the more effective delivery of a sufficient number of synaptic vesicles to active zones, thereby allowing sustained transmission even at high stimulus repetition rates. However, it has recently been shown that PMA can also activate the DAG-sensitive phosphodiesterase Munc 13, and several studies have suggested that the effects of PMA on transmission are mediated by Munc-13 rather than by PKC activation (Betz et al., 1998; Searl and Silinsky, 1998; Rhee et al., 2002) . Supporting the involvement of PKCs in our experiments, we found that brief preapplication of the specific PKC inhibitor Bisindolylmaleimide 1 (BIS-I) (Berglund et al., 2002) at 500 nM blocked the effect of PMA in preventing transmission failures in the 180 isoformdeficient synapses (Fig. 6 B, bottom trace) . This concentration of BIS-1 itself did not significantly increase the number of failures over that seen in the 180-deficient NMJ (Fig. 6 B, middle trace) , at least over the time interval studied (40 min).
Our previous study (Polo-Parada et al., 2001) suggested that the activation of MLCK, which is required for normal transmission (Mochida et al., 1994; Ryan 1999) , might be deficient in NMJs that lacked NCAM and account for some of the deficits in transmission. We were led to this hypothesis by the fact that application of 1-(5-Cloronaphtalen-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride (ML-9) a specific inhibitor of MLCK, to P30 wild-type NMJs produced both the initial depression and subsequent total transmission failures observed in NMJs lacking all NCAM. When ML-9 was applied to the 180 NCAMdeficient NMJs, it produced a moderate increase in the number of failures (Fig. 6C) . However, it also completely blocked the effect of PMA in preventing transmission failures. Together, these results suggest that functional MLCK is required for the targets that are activated by PMA, presumably via PKC, to prevent transmission failures. As shown in Figure 7A , staining with an antibody that recognizes both smooth muscle and nonmuscle isoforms of MLCK demonstrated that MLCK was expressed diffusely within the muscle fibers but was present at much higher levels in synaptic terminals. When the levels of junctional MLCK were quantified by the intensity of immunostaining (Fig. 7A, bar graph) , we found that these were increased in the 180 NCAM-deficient synapses compared with wild-type NMJs. This might represent a compensatory mechanism in response to inadequate activation of MLCK in 180 NCAM null NMJs. Alteration in the expression of several presynaptic molecules in 180 NCAM-deficient synapses Similar to the mouse lacking all NCAM, in those NMJs lacking only the 180 kDa isoform of NCAM, the expression and localization of several presynaptic molecules was altered. The expression of the calcium channel isoform Ca v 2.1 was reduced and more diffusely localized (Fig. 7B) . In addition, the expression of Rab 3-interacting molecule (RIM), a molecule involved in the modulation of transmission (Schoch et al., 2002) , was also greatly reduced. Finally, the expression of syntaxin was also decreased (Fig. 7B) . The alteration in the expression or targeting of such molecules could contribute to some of the functional defects in transmission that were observed at the 180 NCAM-deficient NMJs. However, it is important to note that alterations observed at the light microscope level, for example, in the distribution of the Ca v 2.1 Ca 2ϩ channel, may not provide the level of resolution needed to relate these alterations to the physiological changes observed. For example, although the level and distribution of the Ca v 2.1 channel appears altered, what is relevant for transmission is the relationship of these channels to presynaptic active zones, which cannot be determined by light microscope immunostaining.
Alterations in the morphology of NCAM 180-deficient synapses
In addition to the molecular differences described above, the overall morphology of 180 NCAM null synapses was also altered. Although typical pretzel-shaped NMJs developed by P30 as visualized with rhodamine ␣-BTX staining (Fig. 8 A) , compared with wild-type NMJs, the width of the synaptic gutters when viewed from above was much thinner. This was a very consistent finding as shown by the three separate examples and by the bar graph in Figure 8 B, in which gutter width was quantified from longitudinal sections as shown in A. Transverse sections of similar endplates at the far right suggest that this may occur because the gutters are narrower but deeper in the 180 NCAM null junctions. Thus, the overall amount of contact between presynaptic and postsynaptic membranes may not differ, consistent with relatively normal numbers of synaptic vesicles exocytosed in response to single stimuli. However, it is interesting that difference in gutter width was not observed in NMJs lacking all NCAM.
The distribution of overall NCAM compared with the 180 kDa isoform Many antibodies against NCAM are directed against the extracellular domain and thus do not distinguish between the three main isoforms because their extracellular domains are essentially similar. Using a polyclonal antibody that recognizes all three isoforms of NCAM, we confirmed previous observations (Covault and Sanes, 1986) and found that, although NCAM on the nonsynaptic portions of ϩ/ϩ muscle fibers had been downregulated by P30, moderate levels of NCAM continued to be expressed at both the endplate and preterminal axon (Fig. 9A, left) . In NMJs lacking all NCAM, staining with this antibody was absent (data not shown). However, it persisted in both endplate and preterminal axon in the 180 isoformdeficient NMJs (Fig. 9A, right) , indicating that there was no obvious alteration in the distribution of the 140 and 120 kDa NCAM isoforms when viewed together. However, we did note a consistent moderate increase in the level of staining, suggesting that the other two isoforms had been upregulated in the180 kDa isoformdeficient mouse. Although the small proportion of synaptic material in muscle precluded confirmation of this observation via Western blotting, the Western blot from hippocampal lysates from wild-type and 180 isoform-deficient mice shown in Figure 1 A confirmed that these isoforms were in fact upregulated. Although the overall levels of NCAM were elevated at 180-deficient NMJs, its distribution, as shown in the enlarged examples at the right, appeared to be similar to wild type with a generally uniform distribution.
In contrast to the rather uniform distribution of overall NCAM, an antibody specific for only the 180 kDa isoform exhibited a much more punctate staining pattern within the endplate of wild-type NMJs (Fig. 9C , left panel, top and middle rows), and such staining was absent from the 180-deficient NMJs. Although some staining was also detected in the preterminal axon near the endplate, we did not observe consistent staining along the length of the axon. Thus, the 180 isoform appears to be preferentially expressed at the synapse. Localization of the 180 isoform in transverse sections (Fig. 8C , right panel) also indicated its synaptic localization. A careful comparison with rhodamine ␣-BTX staining in the same sections indicated that some of the 180 NCAM isoform was located in the presynaptic terminal. However, without immuno-EM localization, it is not possible to exclude that the 180 kDa isoform is also located postsynaptically. Although this isoform is often considered to be neuron specific, it has been Figure 5 . A, Epineural recordings of passively conducted Na ϩ , K ϩ , and Ca 2ϩ currents from the nerve terminal during high-frequency stimulus trains). Appropriate placement of the electrode in the preterminal nerve reveals an extracellular current recording consisting of two negative peaks, the first corresponding to Na ϩ influx and the second to K ϩ flux (see Results for more details). These recordings from a 180 kDa isoform null NMJ were indistinguishable from those recorded from wild-type junctions (Brigant and Mallart, 1982) . B, After blockade of the Ca 2ϩ -activated K ϩ current with 100 M 3,4,-diaminopyridine, an outward current that could be blocked by Cd 2ϩ (data not shown) and that represents the Ca 2ϩ influx at the nerve terminal is revealed. C, During a 200 Hz train from a 180 kDa isoform null NMJ, there are no large reductions or block of either Na ϩ or K ϩ currents (see Results for more details). D, Ca 2ϩ currents, after blockade of the Ca 2ϩ -activated K ϩ currents as above, recorded from a 180 kDa isoform null NMJ during a similar train also do not reveal any large reductions or block in Ca 2ϩ currents that could explain the total transmission failures (Fig. 4) seen at this stimulation frequency in these junctions. E, The amplitude of the peak Ca 2ϩ currents for successive stimuli in 200 Hz trains relative to the first response in the train for wild-type (filled squares) and 180 (Ϫ/Ϫ) NMJs reveals a moderate reduction in amplitude and lengthening of the time course, but no significant differences between (ϩ/ϩ) and (Ϫ/Ϫ) NMJs was detected. The slight slowing of the Ca 2ϩ current was also observed in both types of synapses. Importantly, there were no total blockages or large reductions in Ca 2ϩ currents that could account for the total transmission failures at 180 kDa isoform null NMJs.
detected in cultured avian myotubes and in developing mouse muscle (Lyons et al., 1992; Rafuse and Landmesser, 1996) . Western blots of P30 hippocampal lysates (Fig. 9B ) also showed that the 180 and, to a lesser extent, 140 isoforms were enriched in the synaptosomal fraction (first lane) compared with the total hippocampal lysate (second lane).
NCAM 180-deficient mice exhibit motor defects consistent with transmission failures at high repetition rates Mice lacking all NCAM, although motile and fertile, were found to have severe locomotor deficits that became apparent when they were tested on rotorods (Polo-Parada et al., 2001 ). Although they were indistinguishable from wild-type mice when the rods were rotated at low speeds, 20 and 40 rpm, they were unable to stay on the rod for more than a few seconds, whereas wildtype mice could remain on the rods for ϳ1 min. Similar but even more severe deficits were detected in mice lacking only the 180 isoform of NCAM. The mean times that these mice were able to stay on the rod was 12 Ϯ 1.15 sec at 10 rpm and 5 Ϯ 0.93 at 20 rpm (mean Ϯ SEM). This differed significantly from wild-type mice, where all were able to remain on the rod for 60 sec at both 10 and 20 rpm (Polo-Parada et al., 2001 ).
Discussion
As synapses form and mature, large arrays of presynaptic and postsynaptic molecules, which are required for effective transmission, become selectively distributed and organized at the synapse (Garner et al., 2002) . Presynaptic maturation at the NMJ includes the selective targeting of transmitter release machinery to presynaptic active zones and the development of cellular and molecular mechanisms needed to sustain high levels of transmitter output with repetitive stimulation. We have shown previously that adult mice lacking all isoforms of NCAM maintain a BFA and L-type Ca 2ϩ channel-sensitive, immature, vesicle-cycling mechanism along the length of the axon. They also exhibit multiple functional defects, including severe depression and total transmission failures with highfrequency repetitive stimulation (Rafuse et al., 2000; Polo-Parada et al., 2001) (Table 1) . In mice lacking only the 180 kDa isoform of NCAM as described here, the immature release mechanism was downregulated appropriately, indicating that either the 140 or120 kDa isoform plays a role in this important maturational step. However, numerous defects in transmission remained, suggesting that the 180 kDa isoform of NCAM plays additional and distinct roles in preysnaptic maturation and function.
Downregulation of the immature cycling mechanism in 180 kDa NCAM isoform-deficient NMJs implicates the other NCAM isoforms in this process
Although immature neurons are able to release transmitter and cycle synaptic vesicles from their axons, soma, and growth cones, this immature form of transmission has been shown to be downregulated after contact with the postsynaptic cell in both Xenopus When the fluorescence intensity of the MLCK was quantified, the mean value from 50 junctions was significantly increased in the 180 deficient as compared with the control ( p Ͻ 0.005). B, Several presynaptic molecules involved in transmission were also altered in level or distribution in the 180-deficient NMJ. Top row, Wild type; bottom row, 180-deficient NMJs. Each junction is presented as a pair of images with ␣-BTX staining to define the endplate followed by staining for the P/Q Ca 2ϩ channel subunit Ca v 2.1, Rim, or syntaxin. All three exhibited weaker and more diffuse staining in the 180-deficient NMJ. Scale bar, 40 m.
and Drosophila neurons in culture (Chow and Poo, 1985; Zakharenko et al., 1999; Yao et al., 2000) . Although the mechanisms underlying this downregulation are essentially unknown, it presumably involves some form of signaling from the postsynaptic cell. Because this process occurred in the 180 NCAM isoformdeficient mouse but not in mice lacking all NCAM, the presence of either the 140 or 120 kDa isoform is sufficient to allow this process to occur. Whether this involves homophilic interactions between presynaptic and postsynaptic NCAM remains to be determined. NCAM-mediated adhesion between motor axon and myotube could simply allow other cell surface molecules to generate a signal. Alternatively, NCAM itself may be involved in such signaling events (Safell et al., 1997; Schmid et al., 1999; Kolkova et al., 2001; Koh et al., 2002; Paratcha et al., 2003) . Whatever the precise cellular mechanism, the fact that this process fails to occur when all NCAM is absent places NCAM at a critical step in this process, even though synapses form and many other aspects of synaptic maturation take place.
Alterations in transmission at 180 NCAM isoform-deficient NMJs
When the immature form of vesicle-cycling-transmitter release was blocked pharmacologically at NMJs lacking all NCAM, the number of transmission failures with repetitive stimulation was reduced (Polo-Parada et al., 2001 ). This suggested that a competition between the immature and mature vesicle-cycling mechanisms for cellular components might at least partly explain the transmission failures. However, the present demonstration that the transmission failures still occurred in NMJs specifically lacking the 180 isoform of NCAM points to the lack of the 180 NCAM isoform as being the salient alteration, even though the immature cycling mechanism had been downregulated. This idea is reinforced by the fact that, because of the upregulation of the other two isoforms, overall NCAM levels were not reduced below wild type. This provides additional evidence that the transmission failures are attributable to the selective loss of the 180 kDa isoform.
As in NMJs that lacked all NCAM, 180 kDa isoform-deficient NMJs had normal EPP amplitudes and quantal contents, showing that the basic machinery for exocytosis had assembled properly. Also, the 180 kDa isoform-deficient NMJs did not exhibit depression with high-frequency repetitive stimulation, which we had previ- A, Left, The distribution of total NCAM expression at wild-type and 180 NCAM-deficient synapses as revealed by a polyclonal antibody (R025b) that recognizes all isoforms of NCAM. NCAM is expressed in both the endplate and at a somewhat lower level in the preterminal axon but is essentially absent from the nonsynaptic portions of the muscle fibers (staining here is not above background). Right, Higher magnification examples of pan NCAM staining showing NCAM (bottom) and rhodamine ␣-bungarotoxin staining (bottom). There is relatively uniform staining throughout the endplate in both wild-type and 180 NCAM-deficient NMJs. The arrows point to staining of the preterminal axons in 180 null NMJs as they enter the endplate in a region where there are no underlying ACh receptors. B, Western blots stained with a pan-NCAM antibody from P30 wild-type hippocampal lysates. When compared with the total lysate (right band), the lysate from the synaptosomal fraction (left band) shows that the 180 isoform of NCAM and, to a lesser extent, the 140 isoform, are enriched at synapses. C, Staining with a monoclonal antibody that recognizes only the 180 isoform in P30 wild-type NMJs. Left panel, Endplates viewed from above (top and middle row) show that the 180 isoform has a more punctate staining pattern at the endplate, compared with overall NCAM. Although some much less intense staining was observed in the preterminal axon close to the endplate (arrow), overall axonal staining was weak to absent. 180 NCAM staining was absent from the 180-deficient NMJ shown in the bottom panel. Right panel shows staining for 180 NCAM (middle row) in comparison with rhodamine ␣-bungarotoxin staining (top row) in transverse sections of P30 wild-type muscles. The bottom row shows the merged image with rhodamine ␣-bungarotoxin in red and 180 NCAM in green. Scale bars, 40 m.
ously shown in NCAM-deficient NMJs of presynaptic origin (Polo-Parada et al., 2001 ). This suggests that one of the other isoforms of NCAM is required to prevent rundown of transmitter output with repetitive stimulation. However, similar to the NCAM null NMJs, those lacking only the 180 kDa isoform, lacked paired-pulse facilitation, and their transmitter release had an altered sensitivity to extracellular Ca 2ϩ with output saturating at physiological levels of Ca 2ϩ . The fact that the amplitude and time course of MEPPs did not differ between wild-type and 180 null NMJs, nor did the quantal content at physiological Ca 2ϩ levels, make it unlikely that postsynaptic alterations such as saturation or desensitization of ACh receptors could explain these differences in paired-pulse facilitation and Ca 2ϩ sensitivity. Alternatively, these could result from presynaptic changes in the sensitivity of the Ca 2ϩ sensor or alternatively to alterations in Ca 2ϩ entry and buffering, possibly because of changes in the number and distribution of Ca 2ϩ channels or Ca 2ϩ buffering organelles such as mitochondria. Our observation that the probability of release was increased at 180 Ϫ/Ϫ NMJs is consistent with a presynaptic explanation. However, we cannot at present exclude some postsynaptic contributions to this phenomenon.
The most striking defect was the cyclical complete transmission failures with repetitive stimulation Ͼ50 Hz. Although these could be produced by failure of the action potential to depolarize the nerve terminal, extracellular current recordings from NCAM null NMJs, in which similar failures occurred, did not detect failures in nerve terminal depolarization (Polo-Parada et al., 2001) . Here, we present additional data showing that adequate depolarization of the nerve terminal also occurs with high rates of repetitive stimulation of 180 NCAM-deficient NMJs. More importantly, we also demonstrated that there are no failures or large reductions in nerve terminal Ca 2ϩ influx that could account for the total transmission failures observed. This suggests that events downstream of Ca 2ϩ influx, such as an inability to deliver vesicles at rates needed to maintain transmission at high but physiological rates (i.e., 50 Hz), may account for the transmission failures at NCAM and 180 isoform NCAM NMJs. This could be attributable to alterations in the size of the pool of releasable vesicles (although this is not supported by our FM1-43 data for the 180 NCAM-deficient NMJs), to defects in mobilizing vesicles, or to subsequent steps in docking and fusion of vesicles at high rates.
Vesicle mobilization, recruitment, priming, and the proposed involvement of PKC and MLCK in the NCAM 180 null phenotype The main functional defect in NCAM 180-deficient NMJs was an inability to maintain effective transmitter output with highfrequency stimulation. We hypothesize that this may be, in part, because of the fact that PKC and MLCK, which have been shown to play important roles in endocrine (Yu et al., 2000) and neural (Majewski and Iannazzo, 1998; Ryan, 1999) secretion, are not fully activated in the absence of NCAM 180. In neurons and chromaffin cells, trains of stimuli can activate PKCs, which help in maintaining transmitter output (Smith, 1999; Becherer et al., 2001) . In some cases, this is thought to result from increasing the pool of releasable vesicles or its rate of refilling (Stevens and Sullivan, 1998; Berglund et al., 2002) . Activated PKCs also translocate to the secretory surface (Saitoh et al., 2001) , where they can phosphorylate proteins important in vesicle priming and exocytosis [for example, SNAP 25 (soluble N-ethylmaleimide-sensitive factor attachment protein)] (Nagy et al., 2002) . Vesicle depletion from active zones and increased depression during trains of stimuli was produced by staurosporine application to frog NMJs (Becherer et al., 2001) .
In NCAM 180-deficient NMJs, PMA prevented the total transmission failures, most likely through activation of PKCs, because its effect was completely prevented by the PKC-specific inhibitor BIS I. In addition to PKCs, Munc 13 isoforms can also be activated by phorbol esters and facilitate transmitter release (Rhee et al., 2002) . However, BIS I did not antagonize the Munc 13-mediated increase in transmitter release in hippocampal cultures (Rhee et al., 2002) , and the relative importance of Munc 13 isoforms versus PKCs in enhancing transmitter release appears to vary with the type of synapse (Minami et al., 1998; Hori et al., 1999; Honda et al., 2000) .
MLCK has also been shown to be important for normal transmission (Mochida et al., 1994; Ryan, 1999) and is thought to aid in the mobilization and delivery of vesicles to active zones. We found previously that the MLCK inhibitor ML-9, when applied to adult wild-type NMJs, phenocopied the transmission failures observed in NCAM null junctions (Polo-Parada et al., 2001 ). We showed here that inhibition of MLCK only moderately increased the number of failures at 180 NCAM-deficient NMJs, suggesting that MLCK activation was already impaired in the 180 NCAMdeficient NMJs. In both cases, MLCK inhibitors did not affect the size of the initial EPPs and only produced failures after a number of stimuli at high repetition rates. This suggests that MLCK at mouse NMJs may only be needed to mobilize and recruit vesicles at high levels of transmitter output. The fact that PMA had no effect in the presence of MLCK inhibitors suggests that the downstream targets of PKC activation that enhance transmitter release require normally active MLCK. Phosphorylation of myosin light chain, the only known substrate of MLCK (Kamm and Stull, 2001) , is compatible with a role in vesicle mobilization. However, it will be important to determine the effects of PKC activators and MLCK inhibitors on presynaptic endplate currents, because these might be indirectly affected and contribute to the observed changes in transmitter release (Tokimasa, 1995) . In summary, our results suggest that one or more isoforms of PKC as well as MLCK may not be properly activated in NMJs that lack the 180 kDa isoform of NCAM.
Potential roles of 180 NCAM in presynaptic structure and function
From the results presented here, it is clear that 180 NCAM is required for effective sustained transmission and that both PKC and MLCK are potential targets of NCAM-mediated signaling. We have shown that the180 kDa isoform of NCAM is enriched at the synapse, which might occur by its interaction with other synaptic proteins, for example, agrin, which is deposited in the synaptic basal lamina. In addition to its hypothesized role in ensuring the appropriate activation of PKC and MLCK, we have also shown that 180 NCAM is required to target synaptic vesicle cycling to active zones apposed to muscle and for the appropriate localization of a number of synaptic proteins such as RIM (Schoch et al., 2002) and P/Q-type calcium channels. NCAM 180 might achieve these roles by being part of a scaffold that organizes molecules that are important in transmission (Thomas et al., 1997) . The 180 but not the 140 kDa isoform of NCAM has been reported to bind to spectrin (Sytnyk et al., 2002) . Furthermore, in Drosophila spectrin mutants, transmission, especially with repetitive stimuli, is impaired and a number of presynaptic proteins such as cysteine string protein, discs large, synapsin, and syntaxin are not appropriately localized (Featherstone et al., 2001) . Using bioinformatic approaches, we identified highly conserved regions of the intracellular domain of NCAM and are currently screening for proteins that interact with these regions as well as for probing their roles in transmission.
Alternatively, NCAM may be part of one or more intracellular signaling cascades (Crossin and Krushel, 2000) , and it has been reported previously to modulate neurite outgrowth via an FGF receptor-DAG-IP 3 pathway (Safell et al., 1997) or via an RAS-MAP kinase pathway (Schmid et al., 1999; Kolkova et al., 2001) . Recently, it has been shown that the 140 kDa isoform of NCAM can also function as a receptor for glial cell line-derived neurotrophic factor and thereby affect axon growth and Schwann cell migration (Paratcha et al., 2003) . Thus, our observations that different isoforms of NCAM mediate distinct aspects of presynaptic maturation add to these novel roles of NCAM and provide an amenable system to dissect out the different cellular pathways mediating these effects.
